Introduction

74
Mounting evidence suggests that sleep plays a key role in memory consolidation (Abel 
90
characterized by low amplitude fast desynchronized EEG waves. It has been proposed that 6 increases in spindle count, which allows the hippocampus to adapt to changing environments
122
and reverses age-related memory deficits.
124
Materials and Methods
125
Subjects
126
Young (8-24 weeks old) and aged (54-72 weeks old) adult male C57BL/6 mice (Jackson
127
Laboratory, Bar Harbor, ME) were housed individually on a 12-hour light/dark cycle and allowed bedding, food, and water, and were returned to the apparatus in between trials. To induce SR,
151
the bar was rotated continuously by a motor at approximately 3 rpm with random reversals in 152 direction to prevent that animals sleep during brief periods by predicting the pattern of rotation.
153
All SR procedures followed the object exposures and therefore, were started within 4 hr after 154 the lights were on.
156
Experimental Design and Statistical Analysis
157
Behavioral Training
158
For all animals, behavioral procedures (e.g., exposure to the objects on day 1 and 159 memory testing on day 2) were conducted during the first 4 hr of the light cycle (ZT 0-4). The 160 object/place recognition task (OPR) was conducted in a square context (30cm x 30cm) with 161 visual features on each wall for orientation ( Figure 1A ). Everyday items (glass beer bottle, metal 162 soda can, and plastic juice bottle) were used as objects after pilot testing determined mice
163
showed roughly equal preference for all items on average. On day 1, animals were habituated 164 to the empty context for a habituation trial (Hab). After the habituation, the 3 objects were
165
arranged along one of the diagonal axes of the context and 3 object exploration trials (T1-3)
166
were conducted. During the inter-trial interval (2 min), the context and objects were wiped down 167 with 70% ethanol. Immediately following the third object trial (T3), animals in the experimental 168 groups were housed in the experimental chamber and were sleep deprived for 5 hr, whereas 169 controls were housed in the same chamber but allowed to sleep. On day 2, one object was 170 moved from its original location to an adjacent corner and mice were tested in the context with 8
174
Behavioral Analysis
175
All object exploration trials were video recorded using Limelight (Actimetrics, Wilmette,
176
IL) and analyzed offline by researchers blind to the group condition. All instances when an
177
animal was oriented toward and touching an object with nose, vibrissae, and/or forelegs were 178 coded as "object exploration"; contacting an object while passing or oriented away were not 179 considered. Animals with an average object exploration time less than 10 seconds on any trial
180
were excluded from analysis. Behavioral data from animals used for sleep analysis was 181 combined with data from animals used for place cell recordings.
182
Object preference was calculated as the percentage of time spent exploring the moved 183 object relative to total object exploration time during testing minus the relative time exploring the 184 same object during training, as previously described (Oliveira et al., 2010 Figure 1S ).
195
Place Cell Recordings and Analysis
196
Beginning one week after surgery, neural activity was screened daily in an environment 197 different from the context used for experiments, advancing the electrode bundle 15-20 μm per 9 day until pyramidal cells could be identified by their characteristic firing patterns (Ranck, 1973 
218
Only periods of movement were included in the analysis (minimum walking speed: 2 cm/s).
219
Cells that fired less than 25 spikes during movement or displayed peak firing frequencies below
220
1 Hz before smoothing were excluded from analysis. Firing rate patterns were characterized by 221 computing the overall mean (total number of spikes divided by time spent in the arena), peak
222
(maximum), and out of field (spikes occurring outside areas defined as place fields) firing rates.
10 rate was at least 20% of the peak firing rate (Rowland et al., 2011 
241
Verification of electrode placement
242
Tetrode placements were verified after completion of the experiments by passing a small 243 current (0.1 mA) for 5 seconds through the tetrodes that yielded data in anesthetized animals.
244
The brains were removed and fixed in 10% formalin containing 3% potassium ferrocyanide for 245 24 hr. The tissue was cryosectioned and stained using standard histological procedures 246 (Powers and Clark, 1955 
262
To analyze delta and theta power we used the periods of NREM and REM extracted from 
268
Spindle detection during NREM was computed using a validated automated system for rapid 
287
Results
289
Sleep restriction impairs object-place recognition memory in young adult mice but enhances 
295
SNKs multiple comparisons demonstrated that young control and old SR mice displayed 296 significantly greater preference for the moved object (p<0.05) in comparison to young SR or old 297 control mice ( Figure 1B) . Moreover, object preference in old SR mice was comparable to that 298 observed in young control animals (p>0.05).
299
We also found no significant group or interaction effects on total object exploration times 
307
1S). These findings demonstrated that the differences in object preference observed across the 308 groups were not due to variability in object exploration.
310
Rate remapping increases during testing in young control and old sleep deprived animals
311
A subset of animals was implanted with tetrodes in area CA1 to determine the effects of 
344
(p<0.02). However, no differences were observed in the young groups (p>0.05, Figure 3A ).
345
Finally, there were no differences across the groups, trials, or interactions in average field size 346 or number of fields (p>0.05, Figure 2S ). 
382
After cells were classified, we examined remapping within each group across trials
383
( Figure 4A) 
389
suggesting that the memory impairment observed in the latter was not due to a failure recalling 390 the environment.
391
We also hypothesized that if animals noticed the change in the object configuration, 
409
Young and old control animals with EEG/EMG microdrives were placed in a SR chamber
410
( Figure 5A ), while ad lib sleep was recorded and analyzed for 5 hr following training ( Figure 5B ).
411
We found that the total percent time spent in wake, NREM and REM was equivalent in young
412
and old control animals (p>0.05, Figure 5C) 
434
young SR mice displayed a trend toward longer bouts than young controls (p=0.09, Figure 5H ).
435
The 
475
Similarly, analysis of spindle duration revealed a significant effect of session and interaction
476
[effect of session: F (4,48) =5.81, p<0.001; interaction of group and session: F (4,48) =2.59, p<0.05].
477
SNKs post hoc tests indicated that young control mice displayed longer spindles during the first 478 hour post-training in comparison to old control mice (p<0.05), but no significant differences after 479 that ( Figure 7D ). There were no differences in spindle frequency between the groups or 480 interaction between segment and group condition (p>0.05, Figure 3S 
519
The unexpected finding that OPR memory was enhanced in old SR mice suggests that 
531
It is important to note that in our study, place cell instability in young control and old SR 
537
Moreover, it was shown that unstable subpopulations coexist with stable ones, potentially 538 having distinct mnemonic functions. These observations are in line with our finding that the 539 instability of "object" cells is important for memory updating.
540
Previous studies examining place cell activity during the OPR task, or variations of this 
544
Similarly, we observed rate remapping between the last object exploration trial and the test 545 session in young control and old SR mice, suggesting that rate changes in both rats and mice
546
are associated with object-place recognition. However, we also found that successful learning 547 correlated with place field remapping in a subset of CA1 neurons during the moved-object test.
548
The differences in stability between our observations and Larkin et al. may be related to the 
551
>15 hr in our study).
552
The general consensus from other studies using the OPR task in young animals is that 
568
Interestingly, we observed that young SR animals displayed less relative theta power during 569 REM, a deficit that might have limited the ability of these animals to update object/place 570 representations.
571
Similarly to a previous study showing age-related impairments in OPR (Wimmer et al.,
572
2012), we observed performance deficits in old control mice. However, we demonstrated that 573 these performance deficits were different from those found in young SR mice. In old mice,
574
"context" cells showed long-term instability, remapping between the training and test session, 
580
The observation that SR has a positive effect in old animals suggests that as long as 
